Abstract. In order to extract the acoustic scale from galaxy power spectra nonlinear effects have to be modelled accurately. In practice, this is done by adding extra parameters to the theoretical power spectra, which can be determined from N-body simulations, or just treated as nuisance parameters to be marginalized over. However, most of these parameters describe short scale effects, while the evolution of Baryonic Acoustic Oscillations (BAO) in the Large Scale Structure (LSS) is mostly governed by long scale physics. These two regimes can be efficiently separated by means of the Extractor procedure [1, 2] , in such a way as to reduce the impact of unknown short scale physics on the determination of the BAO scale. This greatly reduces the number of nuisance parameters, allowing to determine the acoustic scale with increased accuracy, already with existing data. The application on the BOSS DR12 dataset provides an increased accuracy with respect to the standard analysis of about a factor 2.3 − 2.7 (depending on redshift) for the unreconstructed data and 1.4 − 2.2 for the data after reconstruction. Moreover, the results obtained from the Extractor do not significantly change under reconstruction or considering multipoles higher than the monopole. Therefore, within this method, an accurate extraction of the BAO scale scale can be done even without these techniques, or these additional data.
Introduction
Measuring the acoustic scale from BAO's is one of the main goals of present and forthcoming galaxy surveys. A sub-percent level measurement will give powerful constraints on the nature of Dark Energy and on possible modifications of General Relativity.
Extracting the BAO scale from data requires fast and efficient ways to compute the galaxy Power Spectrum (PS), and its covariance, for different cosmological models. While N-body simulations are the best tool to accurately compute LSS observables in all the interesting range of scales, their speed and flexibility is not yet at the level required to perform thorough explorations of models and parameter spaces by, for instance, Monte Carlo Markov Chain algorithms. On the other hand, a purely analytical approach, such as Standard Perturbation theory (SPT) [3] , fails in giving an accurate modelling of the matter PS in real space for wavenumbers larger than 0.05 h Mpc −1 at redshift z = 0, and 0.1 at z = 1, and, at a more fundamental level, the SPT expansion does not appear to be convergent [4] . The main limitation to go to higher wavenumbers resides in the failure of the fluid approximation on which SPT is based (for a recent discussion, see for instance [5] ). To overcome this limitation, hybrid methods have been proposed, which correct the wrong behavior of SPT at short scales (UV) with the correct one, at the expense of introducing extra parameters in the theory, to be calibrated using N-body simulations [6, 7, 8, 1] . Another approach is based on interpolators between N-body simulations performed for different cosmological parameters, see, for instance, [9, 10] for different implementations.
In practical data analyses, the nonlinear effects, which include redshift space distortions (RSD) and bias, are modelled by adding a number of nuisance parameters. In particular, in the BOSS analysis that we will use as a benchmark in this paper, namely that based on the DR12 dataset presented in [11] , 10 parameters where introduced, of which only one was related to the observable of interest, the BAO scale, while the role of most of the remaining ones is to model UV effects. However, it is well known [12] that the information on the BAO scale is, to a great extent, insensitive to short scale effects, and can be robustly extracted from data. In particular, in [1, 2] we introduced an "Extractor" procedure, which, given a PS, projects out the smooth component and gives only the oscillating one. The leading nonlinear effect on BAO wiggles is the well understood damping caused by random motions coherent on large (O(10 − 100 h −1 Mpc)) scales. Once this effect is taken into account, the 'extracted' PS can be accurately modelled by as few as one nuisance parameter, which combines RSD and scale-dependent bias. The Extractor procedure was tested in [2] using N-body simulations as data and different models, with and without the inclusion of UV effects.
In this paper we want to test the Extractor procedure on real data, namely on the already mentioned BOSS DR12 dataset [11] . Our main purpose is to assess the improvement induced by the strong reduction in the number of nuisance parameters allowed by our procedure. Therefore, we will stick to a very simple model for the PS, given in Eq. (9) , which, from a computational point of view, requires no more that common 1-loop integrals in SPT. We will not consider more elaborate theoretical models for the PS, like the TRG+UV effects of [1] or the Effective Field Theory of [7] , although they can be included in the analysis with no extra effort.
The paper is organized as follows. In Sect. 2 we recall the definition of the BAO Extractor procedure, in Sect. 3 we summarize the aspects of the DR12 dataset which are more relevant to the following, in Sect. 4 we introduce our model for the galaxy PS, in Sect. 5 we describe our analysis, in Sect. 6 we test our procedure on the catalogue of mock galaxies used by the BOSS collaboration, and in Sect. 7 we perform the analysis on the real data. Finally, in Sect. 8 we discuss our results and conclude.
BAO extractor: definition
In this Section we summarise the procedure to extract the oscillatory part of a given PS, P (k), that we use in this paper [1] . As this procedure was already summarized in [2] , we only present a very short description here, referring the reader to that discussion for more details.
The PS of LSS can be seen as the sum of a dominant smooth ("no-wiggle") part and of an oscillatory ("wiggly") component due to BAO:
where the smooth function A(k) damps the BAO beyond the Silk scale, and r bao is the scale of the BAO in the data. To extract the oscillatory part of the PS, we perform the operation [1]
where k s is the wavenumber k s ≡ 2π rs associated to the comoving sound horizon of the assumed underlying cosmology. The integral at the numerator of (2) projects out the smooth broadband part of the PS and is insensitive to any constant linear bias. In [2] , we made use of N-body simulations to show that the output of this extracting procedure can be reliably modelled as to include the effects of the nonlinear evolution of the matter field, of redshift space distortions and of scale-dependent halo bias (allowing to reproduce these effects with sub-percent accuracy). In particular, we showed that the effect of short scale ("UV") physics on the extracted PS is very mild, as it mostly modifies the broadband (smooth) shape of P nw (k). We also verified that the Extractor (2) is very weakly dependent on the parameter n (which has been introduced to weight in a different way a set of real data for which the experimental errors show a significant variation in the interval [ 
In this work we fix n = 0, and ∆ = 0.6. Finally, we remark that, while r bao is the BAO scale present in the PS, see Eq. (1), the auxiliary quantity r s only sets the appropriate units of the interval over which the integral in (2) is taken. As shown in Fig. 4 of [1] , having r s = r bao only affects (very mildly) the amplitude of the BAO oscillations obtained from (2), but not their position, as it is determined by r bao only.
For a discrete set of data {k i , P i = P (k i )}, the relation (2) can be written as
where
∆, and i = j 0 otherwise (4) and
To use the extractor to obtain informations on a given cosmology, we compare the extractor R[P data ] obtained from the data with that R[P model ] of a given theoretical model. Specifically, in this work we compare the BOSS data [11] with the model PS introduced in Section 4.
The BOSS data and reconstruction
The Baryon Oscillation Spectroscopic Survey (BOSS) was part of the effort of the SDSS-III collaboration to map our near Universe. It measured the spectroscopic redshift of luminous galaxies in the 0.2 < z < 0.75 redshift range and two regions of the sky, denoted by North Galactic Cup (NGC) and South Galactic Cup (SGC), from which, respectively, about 865 000 and 330 000 galaxies were measured [13] . The measurements were made with a 2.5 metre-aperture telescope at the Apache Point Observatory, New Mexico, and covered about 10 000 square degrees. The data is publicly available and accessible through the SDSS-III website [14] .
In our analysis we are interested in the PS, of which the BOSS collaboration measured the monopole, quadrupole, and hexadecapole moments. These were divided into 3 overlapping redshift bins: 0.2 < z < 0.5, 0.4 < z < 0.6 and 0.5 < z < 0.75, for which the effective redshifts of z ef f = 0.38, 0.51 and 0.61 were used in our computations. The experimental data is accompanied by a set of mock galaxies, the MultiDark-Patchy mock catalogues [15, 16] whose primary purpose is to provide the covariance matrices, but can also be used to test the analysis pipeline.
Nonlinear dynamics damps the BAO signal which, if not properly accounted for, degrades to a large extent the information that can be extracted from the data. One approach is to properly model the damping using the techniques we have presented in [1, 2] . Another approach is to act on the data itself using so called reconstrution techniques [17] . The aim of these techniques is to (partially) undo the bulk motions of galaxies, by moving them back to their original position, by reconstructing the velocity field from the density one, via the continuity equation. In linear perturbation theory the displacement Ψ is related to the redshift-space density field by [18] 
where b is the linear galaxy bias,ŝ || is the unit-vector along the line of sight, and β = b/f (where f is the linear growth function). The density fieldδ obs (s) is smoothed on a scale, which in the BOSS implementation of reconstruction [11] is taken to be Σ sm = 15 h −1 Mpc using a gaussian filter
Filtering the density to damp the nonlinearities at small scales is required in order to use of the linear continuity equation, Eq. (6).
Assuming the displacement field is irrotational, the equation above can be solved, and the the line-of-sight and angular positions of the galaxies are shifted as follows
where the (1 + f ) factor multiplying the displacement along the line of sight aims at removing the linear component of redshift-space distortions.
The same displacement procedure is applied to a set of randomly distributed particles. The reconstructed density field are then given by the difference between the displaced galaxy field and the displaced random field.
Therefore we have, for each multipole and each redshift bin, 2 pre-reconstruction PS's (from the NGC and SGC) and 2 post-reconstruction PS's. In the following we are going to apply the extractor analysis to these sets of data and compare the results with those obtained by the analysis performed by the BOSS collaboration using a 10-parameter fit for the model PS, both for the pre-reconstruction and post-reconstruction datasets.
The model
In [2] we tested the performance of a simple model function to reproduce the extracted PS obtained from N-Body simulations and found good agreement, both for matter and for halos, in real and redshift space. This is particularly interesting since the model did not include any short-scale effects, which are otherwise essential to model the full PS, and both the scale dependence of RSD and halo bias are encoded in a single exponential prefactor containing just one extra parameter.
We will use a similar model to analyze BOSS experimental data, namely,
where µ is the cosine of the angle between the wavevector and the line of sight, P nw,l and P nw,l are, respectively, the smooth and the oscillating components of the linear PS, while ∆P nw,1l ij (k) (i, j = δ, θ) denote the components of the real space 1-loop PS, computed using the smooth linear one. The smooth PS is obtained by spline interpolating the linear PS on the points corresponding to nodes of sin(k r s ), and the wiggly PS is then the difference between the linear PS and the smooth one.
The R sd (k) term accounts for the removal of large scale redshift space distortions by the reconstruction procedure discussed in the previous section, Eq. (8), and in the BOSS analysis the 'Rec-Iso' convention of [19] is adopted,
The remaining, nonlinear, redshift space distortions effect is modelled, together with scale dependent bias, by the single pre-factor e −Ak 2 . In general, this would be expected to be a poor approximation, as, for instance, it lacks any µ-dependence. However, since, as we will see, we will only include monopole data in our BAO analysis, our simple µ-independent parameterization can be considered as an effective one, after µ-averaging.
The effect of BAO damping by large-scale bulk flows is encoded in the e
term, where the function Ξ rs (µ) is given by [2] Ξ rs (µ;
with
with j n (x)'s the spherical Bessel functions. Typically, the reconstruction reduces the damping of the BAO of a factor ∼ 4 [12] . Hence we divide the exponential damping by a quantity γ rec which is equal to 1 for pre-reconstruction data and to 4 for reconstructed data. We stress again that Eq. (9) does not include any short scale correction term as those implemented in the TRG approach discussed in [1] , or in the Effective Field Theory of the LSS [7] . Here we want to focus on the performance of the Extractor compared to the standard BAO analysis, as implemented by the BOSS collaboration, and our main goal is to assess the effect of the reduction in nuisance parameters.
From the PS model above we are going to calculate the multipole moments:
where P l are the Legendre polynomials, and l = 0, 2 correspond, respectively, to the monopole and quadrupole moment.
Determining the BAO scale
Our aim is to determine the BAO scale contained in the data. To do this, following the BOSS analysis, we are going to define a parameter α that rescales isotropically the BAO length imprinted in the data with respect to our fiducial cosmological model. In [2] we considered a likelihood function χ 2 (α),
where c ij is the covariance matrix of Eq. (23) below, and dots indicate other possible parameters of the model. Notice the role of the α parameter in rescaling the lenght scales: if the best fit is for α = 1 the model and the data agree on the BAO scale.
In the present analysis, our model contains 2 nuisance parameters, b and A. b mainly fixes the overall normalization of the PS, to which the Extractor operator is essentially insensitive, therefore we fix it with a preliminary fit of the monopole P 0 (k; b, A) and quadrupole P 2 (k; b, A) up to k 0.15 h Mpc −1 . We will indicate this value withb. We verified that the specific value ofb has little impact on the final result. The parameters A and α have two different physical origins and roles. A is related to RSD and scale-dependent bias, and it mostly modifies the broadband shape of the PS. On the other hand, α carries information on the BAO scale imprinted on the wiggly component. We would like to extract α from the latter and A from the former. Therefore we will combine the two constraints by considering a composite χ 2 (in Eq. (20) below). In doing so we need to take care of two aspects. Firstly, we need to consider the cross correlations between P 0 (k) and R[P 0 ](k). Secondly, we must not use the same information twice, both in the full PS and the extracted one.
In order to take care of these two issues we reformulate our procedure as follows (we specify the discussion to the monopole, the procedure is the same for the quadrupole):
First of all we define a list of indices:
where the π i 's are the wavenumber bins used for the full PS, while the ρ i 's are those used for the extracted PS. To make sure we avoid double counting the data, each bin is present at most once in the list, so it will not be used for the fit of the full and extracted PS at the same time. We then define a vector:
and
χ 2 is now defined as
In this expression we used the covariance matrix
where the PS covariance matrix elements, c ij ≡ δP i δP j , are obtained from the mock catalogue that we discuss in the following section, while the elements of the last three lines are given in terms of the former by the relations
We note that if we were to repeat one index in π i and ρ i the covariance matrix C i,j would become singular, making the analysis procedure fail. In fact, this feature works as a "safety" mechanism that prevents us from inadvertently run into overfitting.
From this χ 2 (α, A) we construct a probability distribution function (PDF) for each redshift bin z, combining the North and South samples, and marginalize over A:
The factor N normalises the total probability to 1. When reporting the results, the error on α is going to be the 1σ interval of the PDF, which integrated gives the value of 0.683. In constructing the PDF as shown above we are assuming that the parameter A is the same for the NGC and SGC samples. We tested the impact of assuming two separate parameters A N and A S and marginalising over them separately and found analogous results.
Test on mock galaxies
Before applying the procedure to the experimental data we tested it on the MultyDark Patchy mock catalogues of the BOSS collaboration [15, 16] . The fiducial cosmological model used to generate these mocks was a flat ΛCDM model with Ω M = 0.307115,
BOSS collaboration
Pre-reconstruction Post-reconstruction α error α error 0.2 < z < 0. Table 1 . Results for the parameter α obtained with the standard procedure (BOSS collaboration, Ref. [11] ) and by applying our analysis to mock galaxy data.
Ω b = 0.048206, σ 8 = 0.8288, n s = 0.9611 and H 0 = 67.7 km s −1 Mpc −1 . In Fig.   1 we plot the output of the extractor applied to the monopole PS, pre-and postreconstruction. The corresponding χ 2 is plotted in Fig. 2 . These results have been obtained using π i = {1, 2, 3, 7, . . . , 15} and ρ i = {4, . . . , 6, 8, . . . , 14, 16, . . . , 25}, where the correspondence between the bin number and the actual wavenumber can be read from the plot. We also mark with a red horizontal line the value for A that is obtained through a many-parameter fit of Eq. 9 against the monopole data (before applying the Extractor) up to k < 0.155 h Mpc −1 .
The optimal configuration is to use most bins in ρ, given that the extracted PS has greater constraining power on α, and use just a few bins in π to determine A. Apart from this, however, the results do not depend on the exact choice for π and ρ. Since the extractor is an integrated quantity, the first bins of R[P] are affected by boundary effects, so a natural choice is for them to be in π. Furthermore we found that considering points up to k ≤ k max = 0.26 h Mpc −1 yelds the optimal trade-off between accuracy on α and the χ 2 /n d.o.f. The results for the α parameter from the monopole are listed in Table 1 . The recovered values of α are compatible with 1 for all redshift bins, which shows that our procedure provides an unbiased estimate of the BAO scale contained in the mock data. Moreover, the constraints we get are well below the 1 % level and, compared to the 10-parameter fit of the BOSS analysis, tighter by a factor 2.7 − 2.8 for the data pre-reconstruction and 1.7 − 1.9 after reconstruction.
We also applied the extractor to the mock quadrupole moment. As can be seen in Fig. 3 , in the extracted quadrupole there is no evident oscillatory feature, meaning that the BAO signal is covered by the noise. In fact, adding the quadrupole to the analysis brings no improvement on the determination on α, therefore in this work we will restrict the analysis of the BOSS data to the monopole.
Application to BOSS DR12 data
Having tested our procedure, and found the optimal setup, with mock galaxies, we apply it to the experimental data. The reference cosmological model is the same as that used for generating the mock catalogues. The extracted monopoles are shown in Fig. 4 . As in the case of the mock PS, we can see the effect of reconstruction in enhancing the amplitude of the BAO wiggles. The corresponding contour plots for χ 2 are shown in Fig. 5 .
Finally, the results for α are shown in Tab. 2. The obtained precision is analogous to the one obtained for the mock galaxies, well below the percent level both for pre- and post-reconstruction data. The gain for pre-reconstruction data is around a factor 2.3 − 2.7, while for post-reconstruction data it is about 2.2 for the lowest redshift range and around 1.4 for the two higher redshift ones.
Conclusions
The Extractor procedure represents a promising approach to the study of BAOs, both from a theoretical and data analysis point of view. Despite using a simple model, Eq. (9), the procedure was able to reach a subpercent precision for all redshift bins, using only a one nuisance parameter besides α. Applying the Extractor procedure on unreconstructed data gives constraints tighter than those obtained in the standard analysis on reconstructed data. On the other hand, reconstruction does not add any substantial improvement on the constraints obtained with the Extractor procedure. The BAO signature, as defined by the Extractor prescription, is mostly confined to the monopole PS. This is clear from Fig. 3 , and from the analogous one for the quadrupole from real data. Adding higher multipoles does not lead to any substantial improvement in our results.
There are a number of ways this method can be improved, also in view of future data. The exploration of the parameter space can go beyond the α-parameterization, by using Monte Carlo Markov Chain algorithms. On the theoretical side, the model we used used essentially a 1-loop approximation, while we showed that using the full TRG method presented in [1] improves the BAO scale extraction at virtually no extra computational cost. Although the modelling of RSD and halo bias presented here was very basic, the simple exponential factor exp(−Ak 2 ) gave already good results. A more Table 2 . Results for the parameter α obtained with the standard procedure (BOSS collaboration, Ref. [11] ) and by applying our analysis to BOSS experimental data detailed description of these effect would likely improve further the constraints on α. Moreover, by modelling the angular dependence of RSD more accurately, the quadrupole and, possibly, the hexadecapole data could be included in the analysis. We leave these improvements to future work.
